AMPA-type glutamate receptors (GluRs) mediate most excitatory signaling in the brain and are composed of GluR principal subunits and transmembrane AMPA receptor regulatory protein (TARP) auxiliary subunits. Previous studies identified four mammalian TARPs, ␥-2 (or stargazin), ␥-3, ␥-4, and ␥-8, that control AMPA receptor trafficking, gating, and pharmacology. Here, we explore roles for the homologous ␥-5 and ␥-7 proteins, which were previously suggested not to serve as TARPs. Western blotting reveals high levels of ␥-5 and ␥-7 in the cerebellum, where ␥-7 is enriched in Purkinje neurons in the molecular layer and glomerular synapses in the granule cell layer. Immunoprecipitation proteomics shows that cerebellar ␥-7 avidly and selectively binds to AMPA receptor GluR subunits and also binds to the AMPA receptor clustering protein, postsynaptic density-95 (PSD-95). Furthermore, ␥-7 occurs together with PSD-95 and AMPA receptor subunits in purified postsynaptic densities. In heterologous cells, ␥-7 but not ␥-5 greatly enhances AMPA receptor glutamateevoked currents and modulates channel gating. In granule cells from stargazer mice, transfection of ␥-7 but not ␥-5 increases AMPA receptor-mediated currents. Compared with stargazin, ␥-7 differentially modulates AMPA receptor glutamate affinity and kainate efficacy. These studies define ␥-7 as a new member of the TARP family that can differentially influence AMPA receptors in cerebellar neurons.
Introduction
AMPA-type glutamate receptors (GluRs) are selective cation channels, whose activation produces the postsynaptic depolarization that induces neuronal firing. AMPA receptors occur in all central neurons and exist as heterotetramers formed from subunits GluR1-4 (Seeburg, 1993; Hollmann and Heinemann, 1994) . Various combinations of GluR subunits and their alternatively spliced "flip" and "flop" isoforms are expressed in distinct neuronal populations and confer differential AMPA receptor functional properties (Sommer et al., 1990) .
In addition to the GluR subunits, neuronal AMPA receptors also contain transmembrane AMPA receptor regulatory proteins (TARPs) . The prototypical TARP, stargazin (␥-2), is mutated in stargazer mice, which display absence epilepsy and cerebellar ataxia (Noebels et al., 1990) . Granule cells from stargazer mice lack functional AMPA receptors (Chen et al., 1999; Hashimoto et al., 1999) . Biochemical and cell biological studies demonstrate that stargazin, a four-pass transmembrane protein (Letts et al., 1998) , plays an essential role in surface trafficking and synaptic targeting of AMPA receptors (Chen et al., 2000) . Stargazin directly binds to AMPA receptors and escorts them to the cell surface (Chen et al., 2000; Nakagawa et al., 2005; Vandenberghe et al., 2005) . The C-terminal tail of stargazin associates with postsynaptic density-95 (PSD-95) and related membrane-associated guanylate kinase proteins, which cluster AMPA receptors at synapses (El-Husseini et al., 2000; Schnell et al., 2002; Elias et al., 2006) The first extracellular loop of stargazin associates with the glutamate-binding module in AMPA receptors (Tomita et al., 2006b ) and thereby modulates channel gating and pharmacology (Yamazaki et al., 2004; Turetsky et al., 2005; Bedoukian et al., 2006; Tomita et al., 2006a) . Stargazin delays deactivation and desensitization of AMPA receptors (Priel et al., 2005; Tomita et al., 2005b) , enhances the action of kainate on AMPA receptors (Tomita et al., 2005b; Turetsky et al., 2005) , and modulates the effects of AMPA receptor potentiators, such as cyclothiazide (Tomita et al., 2006a; Zhang et al., 2006) . Phosphorylation of stargazin regulates AMPA receptors in synaptic plasticity (Tomita et al., 2005a) .
The AMPA receptor defect in stargazer mice manifests only in cerebellar granule cells (Chen et al., 1999; Hashimoto et al., 1999) , which can be explained by widespread neuronal expression of three additional TARP isoforms (␥-3, ␥-4, and ␥-8) . The crucial role for TARP isoforms in the forebrain is exemplified by the phenotype of ␥-8 knock-out mice (Rouach et al., 2005; Fukaya et al., 2006) . The ␥-8 protein is expressed at highest levels in hippocampal pyramidal neurons, which show profound defects in AMPA receptor trafficking and function in ␥-8 knock-out (Rouach et al., 2005; Fukaya et al., 2006) .
In addition to the four identified TARPs, the mammalian genome contains several additional genes related to stargazin (Klugbauer et al., 2000; Burgess et al., 2001; Chu et al., 2001 ) that were named based on their similarity to the ␥-1 calcium channel subunit from skeletal muscle. As opposed to the well studied TARPs (␥-2, ␥-3, ␥-4, ␥-8), much less is known of the other homologous genes, ␥-5, ␥-6, and ␥-7. Previous studies showed that ␥-5 does not modulate AMPA receptor function in oocytes (Tomita et al., 2004) . And, a preliminary characterization suggested that ␥-7 can inhibit the expression of calcium channels in oocytes or transfected cells (Moss et al., 2002) . Here, we explored functional roles for ␥-5 and ␥-7 proteins, which unexpectedly define ␥-7 as a new member of the TARP family that differentially regulates AMPA receptors.
Materials and Methods
Antibodies. The following commercially acquired antibodies were used: rabbit polyclonals to GluR1 (AB1504; Millipore, Bedford, MA), GluR2/3 (AB1506; Millipore), ␥-2/3/4/8 (07-577; Millipore) and mouse monoclonals PSD-95 (MA1-046; Affinity Bioreagents, Golden, CO). Polyclonal antisera to ␥-5 and ␥-7 were raised by injecting rabbits with KLHconjugated peptides as follows: ␥-5, CSDASLQMNSNYPALLK; and ␥-7, CSIQMTQNYPPAIKYPDHLH. Antisera were affinity purified on agarose columns containing the immunizing antigen.
Immunoprecipitation. Ten rat cerebella or two rat cerebral cortices were homogenized with threefold tissue volume of buffer I (0.32 M sucrose, 3 mM HEPES-Na, pH 7.4, 0.1 mg/ml PMSF) and spun at 20,000 ϫ g for 10 min at 4°C. The resulting pellets were homogenized with 20-fold the original tissue volume of buffer I and then solubilized with 0.1% Triton X-100 for 1 h. After centrifugation at 100,000 ϫ g for 1 h, the soluble extracts were precleared by the addition of protein A-Sepharose (GE Healthcare, Little Chalfont, UK). This supernatant was incubated with appropriate antibodies and then with 15 l of protein A-Sepharose for 1 h. The resultant resin was washed eight times with buffer I containing 20 mM NaCl. Adherent proteins were eluted with Laemmli sample buffer with 3% SDS at 55°C for 30 min and then 95°C for 10 min and separated by SDS-PAGE.
cDNAs were introduced into 293T cells using Fugene 6. Cells were homogenized in buffer I 48 h after transfection and centrifuged at 37,000 ϫ g. The resultant pellet was solubilized in radioimmunoprecipitation assay buffer (20 mM Tris-Cl, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS) for 1 h. After centrifugation at 100,000 ϫ g, solubilized lysates were immunoprecipitated with 2 g of anti-PSD-95 antibody and protein A/G Sepharose.
Mass spectrometry. Polyacrylamide gels were stained by silver as described previously (Shevchenko et al., 1996) . The protein band migrating at 100 kDa was excised and destained with 1% H 2 O 2 (Sumner et al., 2002) . The gel pieces were reduced and alkylated as described previously (Hale et al., 2004) . The in-gel proteins were digested with trypsin (20 g/ml) overnight at 37°C. The extracted peptides were purified with a Ziptip (C-18) (Millipore), and loaded onto an HPLC (HP 1100 Nanopump) with a reverse phase C-18 column connected to a mass spectrometer (LTQ-FT; ThermoFinnigan, Palo Alto, CA).
Electrophysiology. cDNAs for GluR1 (160 ng), TARP cDNA (40 ng), pEGFP-N3 (300 ng), and pcDNA3 (500 ng) were transfected into 293T (1 ϫ 10 6 cell per 35 mm dish) using Fugene 6 (Roche, Mannheim, Germany). The cells were trypsinized 1 d after transfection and seeded on collagen-coated coverslips. Electrophysiological recording was performed after over-night incubation. Cells were transferred to the stage of an inverted microscope and bathed in a chamber with external buffer containing the following (in mM): 120.0 NaCl, 5.0 BaCl 2 , 1.0 MgCl 2 , 20.0 CsCl, 10.0 glucose, 10.0 HEPES, pH ϭ 7.4 Ϯ 0.03. Patch-clamp recordings were made in the whole-cell configuration from single green fluorescent protein (GFP)-positive cells at room temperature using Axopatch 200B. Membrane potential was held at Ϫ80 mV. Pipette solution contained the following (in mM): 160.0 N-methyl-D-glucamine, 4.0 MgCl 2 , 40.0 HEPES, 12.0 phosphocreatine, 2.0 Na 2 ATP, 0.2 GTP, pH ϭ 7.2 Ϯ 0.02. Application of solutions was accomplished with a sixteenbarrel pipette array made from small diameter (600 M square internal diameter) glass capillary tubing (VitroCom, Mountain Lakes, NJ). Solutions were placed in 10 ml syringes and positioned ϳ30 cm above the recording chamber. Flow from each syringe was gravity dependent, and electronic valves were used to start and stop solution flow. The pipette array was positioned 100 -200 m from the cell. The sixteen-barrel pipette array was moved with a DC actuator and a motion controller/driver (Newport, Irvine, CA) .
Primary cultures of granule neurons were prepared from postnatal day 7 stg/stg mouse cerebella and plated at a density of 2.5 ϫ 10 5 cells/cm 2 on coverslips precoated with poly-D-lysine in 24-well dishes (BD Biosciences, Franklin Lakes, NJ). Cultures were maintained in a BME-based medium containing 25 mM KCl, 10% FBS, 2 mM L-Glutamine, 2% B27, and 60 g/ml gentamicin [all from Invitrogen (San Diego, CA)] until 3 d in vitro (DIV) when the medium was replaced with a MEM-based medium (Invitrogen) containing 5 mM KCl and supplemented with 5 mg/ml D-glucose (Sigma, St. Louis, MO), 2 mM L-glutamine (Invitrogen), 1% insulin-transferrin-sodium selenite (Sigma), 20 g/ml gentamicin (Invitrogen), and 4 M cytosine ␤-D-arabinofuranoside hydrochloride. Each coverslip was transfected with 1 g cDNA on 4 DIV with calcium phosphate (Losi et al., 2003) . Whole-cell patch-clamp recordings were made 8 -10 DIV in an extracellular solution containing the following: 145 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 5 mM D-glucose, 25 mM sucrose, 5 mM HEPES, 100 M picrotoxin (all from Sigma), 100 M D-APV (Tocris, Ellisville, MO), and 1 M tetrodotoxin citrate (Tocris), pH 7.3, using an internal pipette solution containing the following (in mM): 140 CsCl, 2 MgCl 2 , 5 EGTA, 10 HEPES, 0.3 NaGTP, and 4 Na 2 ATP, pH 7.3. Agonists were applied via a local perfusion barrel using a system acquired from Automate Scientific (San Francisco, CA).
HEK293T cells were plated at a density of 14,000 -29,000 cells/cm 2 onto glass coverslips coated with poly-D-lysine (Sigma) and collagen (Sigma) in 24-well plates. cDNAs for GluR1 (200 ng) and either enhanced GFP (EGFP) or TARP (300 ng) were transfected using Lipofectamine 2000. Patch-clamp recordings were performed 24 -72 h after transfection at room temperature. A bicarbonate-buffered external solution was bubbled with 5% CO 2 and 95% O 2 and was perfused at 3 ml/ min. Glutamate (1 mM) was dissolved in a HEPES-buffered solution containing the following (in mM): 150 NaCl, 3 KCl, 2 CaCl 2 , 1 MgCl 2 , 5 glucose and 10 HEPES, pH 7.4, and applied using a theta pipette driven by a piezoelectric bimorph, as described previously (Tong and Jahr, 1994) . The speed of application was confirmed by measuring the 20 -80% rise time of an open tip response, which was typically Ͻ200 s. Patch pipettes (ϳ5 M⍀) were filled with an internal solution containing the following (in mM): 135 CsF, 33 CsOH, 2 MgCl 2 , 1 CaCl 2 , 0.1 spermine, and 11 EGTA, pH 7.4. The time courses of decay were calculated by measuring the area under the peak-normalized response for 20 or 60 ms after the peak for deactivation and desensitization, respectively. Immunohistochemistry. Fixation of rat brains were performed as described previously (Rouach et al., 2005; Fukaya et al., 2006) . Sagittal sections (40 m) were cut with a cryostat and were then treated with 1% H 2 O 2 in PBS for 20 min. The sections were treated with 3% normal goat serum plus 0.1% Triton X-100 in PBS followed by incubation with the primary antibodies, ␥-7 (0.3 g/ml), ␥-2/3/4/8 (1 g/ml), GluR1 (0.1 g/ml), and GluR2/3 (0.1 g/ml). The sections were processed with Vectastain ABC Elite kit using DAB (3, 3Ј-diaminobenzidine).
Subcellular fractionation. Subcellular fractions were prepared by differential centrifugation as described previously (Jo et al., 1999) . Ten rat cerebella were homogenized in 15 ml of buffer I (0.32 M sucrose, 3 mM HEPES-Na, pH 7.4, 0.1 mg/ml PMSF). The homogenate was centrifuged at 1000 ϫ g to produce a pellet (P1) and a supernatant (S1). The P1 pellet was resuspended in buffer I and centrifuged at 1000 ϫ g to obtain a crude nuclear fraction (P1Ј) and a supernatant (S1Ј). The combined supernatant (S1 plus S1Ј) was centrifuged at 12,000 ϫ g for 15 min to produce a pellet (P2) and supernatant (S2). The S2 fraction was centrifuged at 33,000 ϫ g for 20 min to give a pellet (P3) and a supernatant (S3). The S3 fraction was centrifuged at 260,000 ϫ g for 2 h to produce a pellet (P4) and a supernatant (S4, cytosolic fraction). The P2 pellet was resuspended in the original volume of buffer I and centrifuged for 15 min at 13,000 ϫ g to yield the crude synaptosomal fraction (P2Ј). The P2Ј fraction was resuspended in homogenization buffer and hypotonically lysed by addition of 9 vol of ice-cold water with 4 mM HEPES, pH 7.4, and incubated for 1 h. The lysate was centrifuged for 20 min at 33,000 ϫ g to produce the lysate heavy membrane pellet (LP1) and lysate supernatant (LS1). The LS1 fraction was then centrifuged for 20 min at 260,000 ϫ g for 2 h to give a crude synaptosomal vesicle pellet (LP2) and a cytosolic synaptosomal supernatant (LS2). In a separate procedure, synaptosomes and PSD fractions were prepared from 10 rat cerebella. The synaptosome fraction was purified by discontinuous sucrose density gradient centrifugation and was extracted once or twice with ice-cold 0.5% Triton X-100 in 6 mM Tris-Cl, pH7.5, and then centrifuged to obtain the PSD I and PSD II pellets.
Solubility assay. Rat cerebella were homogenated in three tissue volumes of buffer I (0.32 M sucrose, 3 mM HEPES-Na, pH 7.4, 0.1 mg/ml PMSF) and centrifuged at 20,000 ϫ g. The resultant pellet was suspended in three times the original tissue volume of buffer I and solubilized with Triton X-100 for 1 h at 4°C. The solubilized mixture was centrifuged at 100,000 ϫ g, and the resultant supernatant and pellet were subjected to immunoblotting.
Results

␥-5 and ␥-7 are enriched in the cerebellum
To understand functions for ␥-5 and ␥-7, we first generated antibodies directed against unique peptide sequences in the C-terminal tails of the proteins. After affinity purification, we evaluated antibody specificity by performing Western blotting on crude extracts from human embryonic kidney (HEK) cells transfected with each ␥ subunit. These experiments showed that our antibodies to ␥-5 and ␥-7 robustly recognize their appropriate ␥ isoform and do not cross-react with other ␥ subunits ( Fig. 1 A, B ). An antibody raised to the C terminus of ␥-2 crossreacts with ␥-3, ␥-4, and ␥-8 (Fig. 1C) .
Western blotting showed that our affinity purified antibodies for ␥-5 and ␥-7 recognize specific bands in membraneenriched fractions (Fig. 1 D) . These bands run at ϳ35 kDa, which corresponds to the migration of ␥-5 and ␥-7 in transfected HEK cells. The immunoreactive ␥-7 protein band occurs only in the brain and is not present in a variety of peripheral tissues (Fig. 1 D) . A previous reverse transcription PCR experiment detected ␥-7 mRNA in the lung and testis as well (Chu et al., 2001) , but this was below our detection by Western blotting. The ␥-5 immunoreactive band occurs both in brain and in kidney extracts (Fig. 1D) . Within the brain, both ␥-5 and ␥-7 are highly enriched in the cerebellum and occur at lower levels in the olfactory bulb (Fig. 1E ). Low levels of ␥-7 but not ␥-5 also occur in the cerebral cortex, corpus striatum, hippocampus, thalamus, and brainstem (Fig. 1E ).
␥-7 selectively binds to neuronal AMPA receptors
To identify protein interactions with ␥-5 and ␥-7, we conducted preparative immunoprecipitations. Rat cerebellar membranes were solubilized with Triton X-100 and were immunoprecipitated with antibodies to ␥-5 and ␥-7. Immunoprecipitates were extensively washed with buffer containing 20 mM NaCl. Tightly adherent proteins were eluted with 3% SDS and then were separated by PAGE. Gels were stained with silver to identify all protein bands copurifying with ␥-5 or ␥-7. As controls, we performed immunoprecipitations with preimmune serum and did immunoprecipitations from a solubilized cerebral cortex, which expresses much less ␥-5 and ␥-7 than does the cerebellum. We did not detect clear protein bands coimmunoprecipitating with ␥-5 (Fig.  2 A) . However, we saw a prominent protein band of ϳ100 kDa associating with ␥-7 in the cerebellar immunoprecipitates that was not apparent in cerebral cortex immunoprecipitates (Fig.  2 B) . Mass spectroscopic analysis of the ϳ100 kDa ␥-7 associated band showed that it contained peptides from AMPA receptor subunits GluR-1, -2, -3, and -4 (Table 1) .
We explored the specificity for ␥-7 interaction with AMPA receptor subunits by Western blotting. As reported previously (Tomita et al., 2004) , GluR1 and GluR2/3 coimmunoprecipitated with ␥-2/3/4/8 in solubilized membranes from the cerebellum or cerebral cortex. In the cerebellum, GluR1, and to a lesser extent GluR2/3, coimmunoprecipitated with ␥-7 (Fig. 2C) . We found weak coimmunoprecipitation of AMPA receptors with ␥-7 in the cerebral cortex, which fits with the low expression of ␥-7 in the cortex (Fig. 2C) . In cerebellar extracts, we found a weak interaction of ␥-5 with GluR1 (Fig. 2C) . As this association of GluR1 with ␥-5 did not occur in cerebrocortical extracts, it seems spe- (5 g) were blotted with antibodies as indicated. ␥-5 was detected in the brain and kidney. ␥-7 was detected only in the brain. Br, Brain; Lu, lung; He, heart; Li, liver; Sp, spleen; Kd, kidney; Te, testis. E, Expression profile of ␥-5 and ␥-7 in the rat brain. ␥-5 and ␥-7 proteins were enriched in the cerebellum and also occur in the olfactory bulb. In addition, ␥-7 occurs at low levels in all other brain regions surveyed. Postnuclear membrane fractions (9 g) were immunoblotted. Ob, Olfactory bulb; Ct, cerebral cortex; St, striatum; Hp, hippocampus; Th, Thalamus; Cb, cerebellum; Sm, brainstem.
cific. Overall, the immunoprecipitation of ␥-5 was less robust than ␥-7, which likely indicates our ␥-5 antibody has lower avidity.
We detected little interaction between the TARP isoforms. That is, neither ␥-5 nor ␥-2/3/4/8 was detected in ␥-7 immunoprecipitates, and neither ␥-7 nor ␥-2/3/ 4/8 was in ␥-5 immunoprecipitates (Fig.  2C) . A very small amount of ␥-2/3/4/8 was detected in the ␥-7 immunoprecipitates (Fig. 2C) . The lack of significant interaction among TARP isoforms suggests that ␥-7 interaction with AMPA receptors does not require ␥-2/3/4/8 as an intermediary.
␥-7 is a novel TARP To determine whether ␥-7, ␥-5, and ␥-6 control AMPA receptor function, we transfected HEK cells and quantified glutamate-evoked currents. In cells transfected with GluR1-flip (GluR1i), glutamate application generates a sharp inward current that rapidly desensitizes to a steady-state current of ϳ45 pA. As reported previously , ␥-2 greatly increases the glutamate-evoked response from GluR1i and yielded a steady state current of ϳ400 pA. (Fig. 3 A, B) . Similarly, we found that ␥-7 also greatly enhanced glutamate-evoked steady-state currents (ϳ425 pA) (Fig.  3 A, B) . Cells coexpressing ␥-7 consistently showed slower kinetics in reaching steady-state current (Fig. 3A) , and the mechanism for these distinct kinetics remains uncertain. ␥-5 and ␥-6 have no significant effect on the GluR1i currents evoked by glutamate. The GluR1-flop (GluR1o) isoform yields glutamate-evoked current of only ϳ1.25 pA, and this was enhanced 20-or 10-fold by cotransfection with ␥-2 or ␥-7, respectively (Fig. 3C) .
The neurotoxin kainate produces large nondesensitizing currents through neuronal AMPA receptors (Kiskin et al., 1986; Jonas and Sakmann, 1992) . However, in heterologous cells expressing GluR1i alone, kainate evoked a nondesensitizing current of only ϳ35 pA (Fig. 3 A, D) . As reported previously (Tomita et al., 2005b) , ␥-2 dramatically increases the steady-state currents to kainate, to ϳ8000 pA. Similarly, we found that ␥-7 increases kainate-evoked currents in transfected cells, to ϳ2000 pA (Fig.  3 A, D) . Cotransfection of ␥-5 yields a small but marginally significant increase in kainate-evoked currents (125 pA) (Fig. 3D ). ␥-6 has no effect on the kainate-evoked currents. We found ␥-2 and ␥-7 also greatly increase the efficacy of kainate on GluR1o receptors (Fig. 3E) . By preferentially enhancing kainate-evoked currents, both ␥-2 and ␥-7 increase the AMPA receptor I kainate / I glutamate ratio (Fig. 3F-I ). However, ␥-2 has a much greater effect on I kainate /I glutamate than does ␥-7 (Fig. 3 H, I ).
Previous studies showed that ␥-2 increases the potency of glutamate for GluR1 (Priel et al., 2005; Tomita et al., 2005b) . Similarly, we find that cotransfection of ␥-2 shifts the doseresponse curve for glutamate to the left and increases the EC 50 by threefold. In contrast, transfectants containing ␥-7 plus GluR1 showed similar EC 50 as those containing GluR1 alone (Fig. 4 A) . The EC 50 for kainate was not altered by ␥-2 or ␥-7 (Fig. 4 B) .
␥-2 slows both the deactivation and desensitization of associated AMPA receptors (Priel et al., 2005; Tomita et al., 2005b) . To determine whether ␥-7 also alters channel gating, we expressed GluR1 alone and in the presence of ␥-2, ␥-5, or ␥-7 in HEK293T cells (Fig. 5) . Using ultra-fast application of glutamate to outsideout patches, we compared the effect of the three ␥-subunits on deactivation after a 1 ms pulse of glutamate (Fig. 5 A, C) and on desensitization during a 100 ms application of glutamate (Fig.  5 B, D) . ␥-5 had no effect on either deactivation or desensitization; however, ␥-7 slowed both deactivation and desensitization to the same extent as did ␥-2. , and adherent proteins were analyzed by silver staining. We detected a specific band at 100 kDa (arrowhead) in the ␥-7 immunoprecipitate from the cerebellum. No specific bands were identified in ␥-7 immunoprecipitates from the cortex or in ␥-5-immunoprecipitates from either brain region. Mass spectroscopy revealed that the ␥-7-associated 100 kDa band contained GluR1, 2, 3, and 4. The 30 -40 kDa region (bar) in ␥-7-immunoprecipitates from the cerebellum containing ␥-7. C, Western blotting analysis of the immunoprecipitates. AMPA receptor subunits, GluR1 and GluR2/3, were readily detected in the ␥-7 immunoprecipitates from the cerebellum, but were faintly detected from the cortex, which is consistent with cerebellar enrichment of ␥-7. GluR1 was weakly detected in ␥-5 immunoprecipitate from the cerebellum. Minimal coimmunoprecipitation was noted among the ␥ subunits. Input represents 0.2% of the total, which explains lack of input signal in GluR1 and ␥-2/3/4/8, -5, and -7. Cb, Cerebellum; Ct, cortex; NL, no brain lysate; pre-imm, preimmune serum. The 100 kDa band that coimmunoprecipitated with ␥-7 from the cerebellum was digested with trypsin, and peptides were identified by mass spectroscopy. ЉHitsЉ refer to the number of peptides detected. Only proteins with more than two hits are listed.
To determine whether ␥-7 can regulate neuronal AMPA receptors, we transfected cultured granule cells from stargazer mice, which lack AMPA-mediated synaptic transmission and have very few surface AMPA receptors (Chen et al., 2000) . In the presence of cyclothiazide to block desensitization, we examined whole-cell responses to glutamate or kainate (Fig. 6) . In cells expressing only EGFP, neither the glutamate nor kainate responses are augmented above the minimal baseline. Expression of ␥-5 depressed the glutamate response (Fig. 6 A, B) but had no effect on the kainate response (Fig. 6 A, C) . In contrast, ␥-7 increased the responses to both glutamate and kainate. The degree of rescue by ␥-7 was, however, significantly less than that seen with ␥-2 (Fig. 6) . Why ␥-7 is less effective than ␥-2 in rescue of AMPA receptor function in stargazer granule cells is unclear. As granule cells express primarily GluR2 and GluR4, but not GluR1, it is possible that ␥-7 preferentially traffics GluR1-containing receptors in neurons. As ␥-7 is not enriched in cerebellar granule cells (see below), it may lack features of ␥-2, which represents the functional TARP for these neurons (Chen et al., 1999; Hashimoto et al., 1999) .
␥-7 is enriched in Purkinje cells and in cerebellar glomeruli
To compare the expression of ␥-7 and ␥-2/3/4/8 at the cellular level with that of GluR1 and GluR2/3, we stained rat brain sections with each antibody. Low-power examination shows that ␥-7 is enriched in the cerebellum (Fig. 7A) , whereas the ␥-2/3/4/8 antibody stains numerous brain regions (Fig. 7B) , including the cerebellum, hippocampus, cerebral cortex, and corpus striatum. Similarly, antibodies to GluR1 or GluR2/3 discretely stain specific neuronal populations throughout the rat brain (Fig. 7C,D) .
High-power magnification of the cerebellum shows that ␥-7 occurs in the neuropil of the molecular layer, in Purkinje cells bodies, and in synaptic glomeruli of the granule cell layer (Fig.  7E) . In situ hybridization of each TARP isoform done as part of the Allen Brain Atlas (Allen Institute for Brain Science, 2007; Lein et al., 2007) shows that ␥-7 mRNA is expressed in cerebellar Figure 3 . ␥-7 functionally regulates AMPA receptors. HEK 293T cells were cotransfected with GluR1 and ␥-2 or ␥-7, and agonist-evoked currents were recorded. A, Typical traces of glutamate-(300 M) or kainate-(500 M) evoked responses. Calibration: 200 pA, 2 s. B, C, ␥-7 increased the glutamate-evoked response of GluR1. Steady-state currents evoked by glutamate in the following GluR1i (B) or GluR1o (C): GluR1i, 44.3 Ϯ 10.9 pA (n ϭ 13); GluR1i plus ␥-2, 399 Ϯ 78 pA (n ϭ 10); GluR1i plus ␥-5, 85.7 Ϯ 36.3 (n ϭ 7); GluR1i plus ␥-6, 27.3 Ϯ 7.9 (n ϭ 8); GluR1i plus ␥-7, 423 Ϯ 88 pA (n ϭ 23); GluR1o, 1.27 Ϯ 0.36 pA (n ϭ 6); GluRo plus ␥-2, 25.6 Ϯ 11.2 pA (n ϭ 7); GluR1o plus ␥-7, 11.6 Ϯ 4.6 pA (n ϭ 7). D, E, ␥-7 increased kainate-evoked responses from GluR1. Steady-state currents evoked by kainate in the following GluR1i (D) or GluR1o (E): GluR1i, 33.3 Ϯ 9.4 pA (n ϭ 11); GluR1i plus ␥-2, 8252 Ϯ 2578 pA (n ϭ 8); GluR1i plus ␥-5, 120.7 Ϯ 50.3 (n ϭ 7); GluR1i plus ␥-6, 21.2 Ϯ 5.6 (n ϭ 8); GluRi plus ␥-7, 1969 Ϯ 498 pA (n ϭ 9); GluR1o, 2.37 Ϯ 1.5 pA (n ϭ 6); GluRo plus ␥-2, 3147 Ϯ 1014 pA (n ϭ 7); GluR1o plus ␥-7, 124.6 Ϯ 52.5 pA (n ϭ 7). F-I, ␥-7 and ␥-2 differentially regulate GluR1 function. The cells with GluR1i (F ) or GluR1o (G) were treated with glutamate and then with kainate. Sequential change in the amplitude of steady-state currents was plotted. Both ␥-7 and ␥-2 gave larger response to kainate than to glutamate. The ratio of kainate-to glutamate-evoked currents in GluR1i (H ) or GluR1o (I ) shows that ␥-2 makes GluR1 more sensitive to kainate than does ␥-7. Error bars indicate SEM.
Purkinje cells and in scattered cells of the granule cell layer that likely represent Golgi cells (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Together, the immunohistochemical and in situ hybridization studies of ␥-7 suggest the protein occurs in dendritic/postsynaptic regions of Purkinje and Golgi neurons. Antibody to ␥-2/3/4/8 stained cell bodies and neuropil in all layers of the cerebellum (Fig. 7F ) , and this fits with the mRNA expression of ␥-2 in granule and Purkinje neurons and ␥-3 in Golgi cells (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). For comparison and as reported previously (Petralia and Wenthold, 1992) , GluR1 occurs prominently in the molecular layer (Fig. 7G) , and GluR2/3 stains neuropil in the molecular layer, Purkinje cell bodies, and glomerular synapses in the granule cell layer (Fig. 7H ) .
␥-7 is enriched in the PSD and binds to PSD-95
GluRs and their associated scaffolding machinery occur in the PSD, a submembranous cytoskeletal specialization. To assess subcellular distribution of ␥-7 and ␥-5, we fractionated cerebellar homogenates. Western blotting of these fractions revealed that ␥-7 is enriched in synaptosomes (Fig. 8 A) . Furthermore, ␥-7 in synaptosomes resists extraction with Triton X-100 and therefore is concentrated in the PSD fractions. The subcellular distribution of ␥-7 parallels that of ␥-2/3/4/8, GluR1, and GluR2/3. On the contrary, ␥-5 is enriched in microsomal fraction (P3) and synaptosomal fraction but not in the PSD. This observation is consistent with the report that ␥-5 is mainly expressed in cerebellar Bergmann glia (Fukaya et al., 2005) , which lack a PSD domain. As controls, we show that PSD-95 and synaptophysin are enriched in the PSD and synaptic vesicle fractions, respectively. As further evidence for distinct fractionation, we found that ␥-7, but not ␥-5, resists solubilization with 1 or 5% Triton X-100, a feature of PSD proteins (Fig. 8 B) .
Synaptic targeting of AMPA receptors requires interaction of associated TARPs with PSD-95 or related PDZ (PSD-95/Discs large/zona occludens-1) proteins (Elias et al., 2006) . We therefore asked whether neuronal PSD-95 binds to ␥-5 or ␥-7. Immunoprecipitation of solubilized membranes showed that PSD-95 associated with ␥-7 and ␥-2/3/4/8 but not with ␥-5 (Fig. 8C) . Coimmunoprecipitation of PSD-95 with ␥-7 was greater from cerebellar than from cerebrocortical membranes, consistent with the higher expression of ␥-7 in the cerebellum. To determine whether the interaction of ␥-7 with PSD-95 can occur in nonneuronal cells, we performed a similar analysis in transfected 293T cells. We found that PSD-95 coimmunoprecipitated with ␥-2 or ␥-7 in cotransfected 293T cells. We also found that ␥-5 can bind to PSD-95 in heterologous cells. As control, we show that PSD-95 did not associate with ␥-1 (Fig. 8C) .
Discussion
This study defines ␥-7 as a new member of the TARP family. Like other TARPs, ␥-7 binds AMPA receptors tightly and selectively, traffics AMPA receptors to the membrane surface, and slows AMPA receptor deactivation and desensitization. However, compared with other TARPs, ␥-7 differentially modulates the pharmacology of AMPA receptors for glutamate and kainate. The PSD enrichment of ␥-7 and its expression in the cerebellum suggests roles for this novel TARP in regulating AMPA receptors in cerebellar neurons. HEK293T cells were transfected with GluR1i either alone or with ␥-5, ␥-7, or ␥-2, and glutamate-evoked currents from outside-out patches were recorded. A, Superimposed typical responses to 1 ms (A) or 100 ms (B) applications of 1 mM glutamate. Responses were normalized to their peak amplitudes to compare their time courses. C, ␥-7 (n ϭ 8) and ␥-2 (n ϭ 5) slowed deactivation of GluR1i (n ϭ 5) ( p Ͻ 0.01), whereas ␥-5 (n ϭ 3) did not. D, ␥-7 (n ϭ 5) and ␥-2 slowed deactivation of GluR1i (n ϭ 4) ( p Ͻ 0.01), whereas ␥-5 (n ϭ 4) did not. Error bars indicate SEM. Asterisks indicate statistical significance with respect to GluR1i alone (unpaired Wilcoxon test with corrected ␣).
Our identification of ␥-7 as a novel TARP is surprising because previous work in heterologous cells showed that ␥-5, which is highly similar to ␥-7, does not directly bind to AMPA receptors and does not regulate their function (Tomita et al., 2004) . The role for ␥-5 in the brain remains uncertain. We did detect a small and specific interaction of ␥-5 with GluR1 in cerebellar extracts. The very high sequence identity of ␥-5 with ␥-7 would now seem to indicate a similar role for ␥-5 in AMPA receptor trafficking and gating. However, we found no effects of ␥-5 on AMPA receptors in non-neuronal cells or cerebellar granule cells. Perhaps the interaction of ␥-5 with AMPA receptors requires additional factors that are not present in our transfected HEK cells, granule cells, or in previously studied oocytes (Tomita et al., 2004) . These additional factors may dissociate during membrane solubilization, which would explain the weak coimmunoprecipitation of AMPA receptors and ␥-5 in the cerebellum. Alternatively, ␥-5 may primarily modulate the function of other receptors. Future studies are needed to determine the functional roles for ␥-5.
Compared with the other four TARP members, ␥-7 shows the greatest sequence divergence. Importantly, all four previously identified TARPs contain the identical C-terminal sequence (-T-T-P-V*), which mediates binding to PSD-95. The highly related C terminus of ␥-7 (-T-S-P-C*) differs only slightly from the canonical type I PDZ consensus binding sequence (Songyang et al., 1997) . Indeed, previous studies of the human leutropin receptor have shown that a C-terminal cysteine residue can accommodate binding to type I PDZ domains (Hirakawa et al., 2003) . Nevertheless, ␥-7 binds to PSD-95 both in neurons and ␥-7 cofractionates with AMPA receptors in the PSD fraction from the cerebellum.
Each TARP isoform shows a distinct neuronal pattern of distribution. Stargazin is enriched in the granule and Purkinje cells of the cerebellum, ␥-3 is enriched in principle neurons of the cerebral cortex and in cerebellar Golgi cells, ␥-8 is enriched in the hippocampus, and ␥-4 is abundant in developing neurons throughout the neuroaxis and remains enriched in mature striatal neurons. The ␥-7 protein is highly expressed in Purkinje cells of the cerebellum and in glomerular synapses in the granule cell layer of the cerebellum, where ␥-7 appears to derive from cerebellar Golgi cells (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). It is interesting to note that Purkinje cells abundantly express two Figure 7 . Differential localization of ␥-7 and ␥-2/3/4/8 in the brain. Sagittal brain sections were stained with antibodies to ␥-7 (A, E), ␥-2/3/4/8 (B, F ), GluR1 (C, G), or GluR2 (D, H ). ␥-7 is enriched in the cerebellum (A) and ␥-2/3/4/8 stains numerous brain regions (B). GluR1 and GluR2 both occur discretely in neuronal populations throughout in the brain (C, D) . Cb, cerebellum; Ct, cerebral cortex; Hp, hippocampus; Sp, septum; St, striatum. E, High-power magnification shows ␥-7 immunoreactivity in the somatodendritic regions of Purkinje cells and in glomeruli of the granule cell layer. F, Antibody to ␥-2/3/4/8 stained all layers in cerebellum. G, GluR1 gave strong staining in molecular layer. H, GluR2 showed strong signal in Purkinje cells and lesser staining in molecular and granule cell layers. ML, Molecular layer; PC, Purkinje cell; GCL, granule cell layer. TARP isoforms, stargazin and ␥-7. However, we detect minimal coimmunoprecipitation of stargazin with ␥-7, which indicates that AMPA receptors associate with only one TARP isoform. This segregation may allow TARPs to differentially modulate distinct classes of AMPA receptors within individual neurons. This would fit with previous studies in the hippocampus suggesting that ␥-8 primarily traffics extrasynpatic AMPA receptors, whereas ␥-2 traffics the synaptic receptors (Inamura et al., 2006) .
We were struck by the preferential interaction of ␥-7 with GluR1 relative to GluR2/3. In the cerebellum, the GluR1 band bound to ␥-7 was far stronger than that of GluR2/3, whereas this ratio was reversed in the ␥-2/3/4/8 immunoprecipitate. A similar preference for GluR1 was apparent in ␥-7 immunoprecipitates from the cerebral cortex. This selectivity could reflect preferential binding of ␥-7 to AMPA receptors lacking GluR2. However, in heterologous cells, we found that ␥-7 effectively traffics homomeric GluR1, homomeric GluR2, and heteromeric GluR1/2 containing AMPA receptors (data not shown), which would argue against GluR-specific trafficking by ␥-7. In addition, ␥-7 rescued AMPA receptor surface expression in granule cells, which express GluR2 and GluR4 subunits. Future studies will need to explore the potential for GluR subunit-specific interactions with TARP isoforms.
Why is there such a large family of TARP isoforms? Throughout the brain, AMPA receptors show distinct biophysical characteristics. Much of this derives from the distinct expression pattern of GluR subunits, which influence AMPA receptor kinetics, gating, and ion permeability (Hollmann et al., 1991; Sommer et al., 1991) . The discovery of TARP subunits suggests a role for these auxiliary subunits in dictating the unique properties of AMPA receptors in specific brain regions. That ␥-7 differentially regulates AMPA receptor glutamate affinity and kainate efficacy may explain some of the regional variations noted in AMPA receptor pharmacology (Porter and Greenamyre, 1994; Fleck et al., 1996) . Future studies are needed to define the regulatory functions of distinct TARPs and how they sculpt excitatory transmission throughout the brain.
The phenotypes of TARP mutant mice emphasize the neuronspecific roles and redundancies of TARP isoforms. Stargazer mice lack ␥-2 and show loss of AMPA receptor function in cerebellar granule cells, which are neurons that do not express other TARP isoforms. Mice lacking ␥-8 have an 80 -90% decrease in extrasynaptic AMPA receptor in hippocampal neurons (Rouach et al., 2005; Fukaya et al., 2006) . The residual AMPA receptor function in the hippocampus of ␥-8 knockouts likely reflects expression of ␥-2 and ␥-3 in these neurons (Fukaya et al., 2005) . The finding that AMPA receptor responses are present in cerebellar Purkinje cells of stargazer mice has been perplexing because only ␥-2, and not ␥-3, ␥-4 or ␥-8, occurs in these neurons (Fukaya et al., 2005) . Our identification of ␥-7 as a new TARP enriched in Purkinje cells likely explains this functional redundancy and the presence of AMPA receptor function in Purkinje cells of stargazer mice.
These studies expand the family of TARPs and their general role in trafficking AMPA receptors. Recent studies have shown that stargazin-like molecules occur in worms and flies, and these proteins are critical for the activity of AMPA receptor gene products in these invertebrates (Walker et al., 2006) . TARPs in all organisms selectively regulate AMPA-type GluRs and do not modulate other receptors or channels. Future studies are needed to determine whether NMDA-type GluRs or other neurotransmitterregulated ion channels also require auxiliary subunits.
